This article reviews control options for Neospora caninum infection and abortion in cattle, drawing on published literature and the authors' own research in this field. Apart from the successful use of embryo transfer to prevent congenital infection in calves born to infected cows, there are currently no accepted control methods for the prevention of abortions in cattle. The epidemiological data at hand suggest that concomitant infections with bovine pestivirus increase the risk of abortion significantly and that these infections, for which effective vaccines exist, should therefore be controlled. While vertical transmission appears to be the major route of infection in cattle, there is also a role for postnatal transmission, involving a definitive host. Presently, the control of dogs and their access to bovine tissues, particularly potentially infected placentae and other foetal tissues, appear to be the most prudent control methods. There are some indications that vaccination against N. caninum may aid in the prevention of abortions. Suggestions for control options are limited by our current lack of actual experiences with control strategies. Further practical fieldwork is needed in this area.
Introduction
Neospora caninum is a protozoan parasite that was first described in a litter of dogs in Norway in 1984 (Bjerkås et al 1984) . Today it is recognised worldwide as an infection, predominantly, of dogs and cattle (Dubey and Lindsay 1996) . Other species such as sheep, goats, deer and horses (Dubey and Porterfield 1990; Dubey et al 1990b; Barr et al 1992; Woods et al 1994) have also infrequently been reported to be naturally infected. Infection has been reported from retrospective examination of stored tissues from dogs and cattle, dating back to 1957 (Dubey 1992 ) and 1974 (Dubey et al 1990a , respectively.
Since its recognition as a new parasite entity, N. caninum has emerged as a major cause of abortion in cattle. The economic impact of N. caninum infection in cattle has been estimated at • Control options have rarely been explored and hitherto only embryo transfer has been successfully applied, resulting in uninfected calves born from infected dams.
• Treatment appears to be uneconomical in cattle, but better knowledge of the interaction between parasite and host during pregnancy might yet identify a period for strategic, preventive treatment of short duration.
• Test-and-cull, and replacement policies hinge on highly sensitive assays for which cut-off thresholds may need to be redefined.
• Infection with bovine pestivirus appears to increase the risk of Neospora infection threefold, hence control of pestivirus infection by means of vaccination seems indicated where cattle are at high risk from Neospora infection.
• Recent research indicates an association between Neospora abortions and dogs on farms -it seems prudent to advocate that dogs and cattle should not mix on dairy farms.
AUS$85 million per annum for the dairy and AUS$25 million for the beef cattle industry in Australia (Ellis 1997), and NZ$17.8 million for the dairy industry in New Zealand (Pfeiffer et al 1998) . In comparison, Dubey (1999b) summarised the economic losses in California to be US$35 million/year. The true costs are probably higher, since these calculations only took account of losses in animal and milk production after abortion outbreaks of epidemic proportions. T cell helper 1 also occur (Thornton et al 1991; Boulton et al 1995; Wouda et al 1997) , but their costs and relative importance are less well defined.
Cattle with serum antibody responses to N. caninum are thought to be chronically infected. A study from the United States of America reported a decrease in milk yield in seropositive cattle (Thurmond and Hietala 1997) . Recently, Barling et al (2000a) demonstrated that seropositivity was associated with significant reductions in average daily weight gain and liveweight at slaughter. Serologically positive animals also had higher veterinary treatment costs and showed significantly lower economic returns (Barling et al 2000a) . Trees et al (1999) , in their review, discussed additional costs such as early foetal death, stillbirth, neonatal death, and reduced breeding value. Early culling would further increase the cost of N. caninum infection to primary producers (Thurmond and Hietala 1996) . Because of our poor knowledge of their relative contribution, the total cost of these factors remains to be quantified.
More than 10 years have passed since the realisation that N. caninum is a major cause of abortion in cattle and, less frequently, of disease in dogs. The general structure of the life cycle was elucidated recently and some of the modes of transmission clarified. Dogs were demonstrated to be a definitive host of N. caninum. Oocysts of N. caninum were excreted by experimentally infected dogs, if only in low numbers (McAllister et al 1998; Lindsay et al 1999a) . Vertical transmission of infection occurs both in dogs and cattle (Paré et al 1994; Barber et al 1998) . In the latter species it appears to be the main pathway for infection from one cow to the next (Paré et al 1996; Schares et al 1998 
Control of infection

Treatment options
Presently, only dogs with clinical signs of neosporosis receive treatment. Barber and Trees (1996) reviewed 27 clinical cases and their treatment. In vitro data suggest that a number of chemicals might be effective (Lindsay and Dubey 1989b; Lindsay et al 1994 Lindsay et al , 1996 Lindsay et al , 1997 , and in dogs the drugs of choice appear to be clindamycin (Dubey et al 1995) and potentiated sulphonamides.
In vivo data for cattle are few. Gottstein et al (2001) recently presented data that suggest that the severity of clinical outcome of experimental infection with 2x10 8 tachyzoites of N. caninum in calves could be modulated by treatment with toltrazuril and ponazuril at 20 mg/kg/day. However, the economics of treating cattle are questionable. The fact that treatment could only be used as a preventive measure and hence be long-term, might do little to curb an ongoing abortion epidemic. Additionally, it would result in considerable and likely unacceptable milk or meat residues or withdrawal periods, which would be further restrictive. Also, the treatment was directed at a tachyzoite challenge, whereas it is doubtful that encysted bradyzoites are as susceptible to chemical treatment.
Guy et al (2001) reported a rise in antibody response in pregnant cows, and thought this was due to recrudescence of the parasite resulting in congenital infection of the calves. Innes et al (2001b) demonstrated a transient immunosuppression during gestation. Thus, chemical treatment of very limited duration during pregnancy might be efficacious, assisting the dam's immune system during this period of immunosuppression. The aim of such treatment would be to prevent recrudescence of the parasite. However, just when in relation to stage of pregnancy such a treatment would need to be administered to be effective is uncertain and more research is needed before the practicalities of this option can be evaluated.
Control of concomitant infections
It has been reported that N. caninum infection on its own increases the risk of abortion in cattle by a factor of at least three (Moen et al 1998; Wouda et al 1998) . In addition, several reports suggest that concomitant infection of N. caninum-infected cows with bovine pestivirus increases the risk of Neospora abortions a further threefold (Pfeiffer et al 2000) . A Swedish study (Björkman et al 2000) has also reported a significant association between bovine viral diarrhoea virus (BVDV)-infection in cattle, Neospora, and abortion risk. Conversely, a study from Spain could not find any increased risk of abortion in dairy cows that were infected with both BVDV and N. caninum (Mainar-Jaime et al 2001) . It is hypothesised that infection with BVDV or other potentially immunosuppressive agents such as mycotoxins might lead to or facilitate a recrudescence of a chronic N. caninum infection. Recrudescence could result in parasitaemia, and then transplacental infection of the foetus, foetopathy, and ultimately abortion. Depending on the timing of the parasitaemia (Guy et al 2001) , it may also result in congenitally-infected asymptomatic calves.
Effective vaccines for the control of bovine pestivirus exist (Brownlie et al 1995) . However, there are currently no reports of the effect of controlling pestivirus-infection, whether by vaccination or other means of control (Mainar-Jaime et al 2001), on the incidence of N. caninum infections/abortions in cattle. Such an approach might decrease the risk of abortion due to N. caninum, and further research is clearly warranted in this area.
Control of the route of transmission
Vertical transmission
There is a large body of evidence suggesting the predominant route of infection with N. caninum is via vertical transmission, namely from dam to daughter in utero. (McAllister et al 1998; Lindsay et al 1999a) and it is difficult to understand how such low faecal shedding of oocysts could cause the abortion outbreaks observed in cattle.
Vaccination approaches
A vaccine that is claimed to aid in the control of abortions associated with N. caninum in cattle (Bovilis Neoguard, Intervet, Auckland, New Zealand) has recently been released and is currently the subject of field trials in New Zealand. However, to date there are no published data on which its efficacy can be assessed.
Previous attempts to formulate a vaccine against N. caninum have met with limited success (Dubey 1999a Most research to date has been conducted using animal models such as dogs, mice, sheep and cows, and as some of those models, especially those involving non-target species, might not reflect the natural situation, results should be treated with caution.
Liddell et al (1999) vaccinated female BALB/c mice with a crude N. caninum tachyzoite lysate preparation co-administered with ImmuMAXSR TM adjuvant. The mice were subsequently mated, and pregnant dams were challenged with N. caninum tachyzoites at 10-12 days gestation. Results demonstrated that this single inoculation appeared to confer complete protection against vertical transmission of infection to the offspring. All pups in the experimental group were free from parasitic infection. No results have yet been reported on the efficacy of this vaccine formulation in cattle. Baszler et al (2000) examined the possibility of vaccination of BALB/c mice with a soluble N. caninum antigen either trapped in nonionic surfactant vesicles or formulated with Freunds Complete Adjuvant. This approach, however, resulted in exacerbation of encephalitis and neurological disease in the mice. Observations were characterised by increased antigen specific interleukin-4 (IL-4) secretion and increased IgG1:IgG2a ratios in vivo, possibly suggesting an inappropriate immune response was generated in that experiment. 
Conclusions
Although knowledge on the biology and epidemiology of N. caninum, and recognition of it as an abortificant, has grown over the last 10 years, there is still a paucity of practical field experience with methods for prevention of infection and foetal loss. The only proven method for prevention of vertical transmission is via embryo transfer, which would likely be reserved for a small number of highly valuable N. caninum-infected cows.
A small number of epidemiological investigations suggest that bovine pestivirus infections significantly increase the risk of abortion in N. caninum-infected cattle. Efficacious vaccines for the control of pestivirus infection exist and their use is advocated in situations where there is a high risk of both bovine pestivirus and N. caninum infection.
Some epidemiological investigations of N. caninum abortions point to postnatal infections as the cause of abortion storms. Antony and Williamson (2001), Schares et al (1999) and Thornton et al (1994) suggest that this is more often the case in New Zealand than is reported from other parts of the world. Testing for N. caninum infection and culling of infected animals may be less successful in New Zealand than in parts of the world where vertical transmission predominates.
In order to control postnatal transmission, the interaction of dogs with pregnant cattle, and their access to bovine placentae and foetal tissues should be controlled. All dogs should be presumed a potential source of infection for cattle, as serodiagnosis of the infection status of individual dogs is fraught with difficulty. As a considerable number of dogs experimentally infected with N. caninum did not seroconvert, it may be prudent to eliminate, as far as is practicable, all dogs from the vicinity of cattle that may be at risk.
